Active human carbonic anhydrase 11 (HCAII) protein was expressed in the cyanobacterium Synechococcus PCC7942 by means of transformation with the bidirectional expression vector, pCA. This expression was driven by the bacterial Tac promoter and was regulated by the laclQ repressor protein, which was expressed from the same plasmid. Expression levels reached values of around 0.3% of total cell protein and this protein appeared to be entirely soluble in nature and located within the cytosol of the cell. The expression of this protein has dramatic effects on the photosynthetic physiology of the cell. Induction of expression of carbonic anhydrase (CA) activity in both high dissolved inorganic carbon (Ci) and low Ci grown cells leads the creation of a high Ci requiring phenotype causing: (a) a dramatic increase in the Ko.5 (C,) for photosynthesis, (b) a loss of the ability to accumulate internal Cl, and (c) a decrease in the lag between the initial Ci accumulation following illumination and the efflux of CO2 from the cells. In addition, the effects of the expressed CA can largely be reversed by the carbonic anhydrase inhibitor ethoxyzolamide. As a result of the above findings, it is concluded that the CO2 concentrating mechanism in Synechococcus PCC7942 is largely dependent on (a) the absence of CA activity from the cytosol, and (b) the specific localization of CA activity in the carboxysome. A theoretical model of photosynthesis and C, accumulation is developed in which the carboxysome plays a central role as both the site of CO2 generation from HCO3-and a resistance barrier to CO2 efflux from the cell. There is good qualitative agreement between this model and the measured physiological effects of expressed cytosolic CA in Synechococcus cells.
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inorganic carbon (Cj)2 transport system. This system operates to elevate the intracellular concentration of CO2 so that the relatively low affinity cyanobacterial Rubisco may function at close to CO2 saturation. Models of this CO2 concentrating mechanism have defined four key operational elements. These are: a transport system, a means to energize this using photosynthesis, a leak barrier to reduce the back flux of C02, and a mechanism to rapidly interconvert inorganic carbon species within the cell (1) . The need to increase the rate of interconversion of C, species is borne largely from evidence which suggests that the C1 transport system delivers HCO3-to the cytosol while Rubisco requires CO2 as a substrate. The uncatalyzed conversion of HCO3-to CO2 would be far too slow to support the observed rate of photosynthesis (3) .
The interconversion of inorganic carbon species within the cell is mediated by the enzyme carbonic anhydrase. Theoretical models of the CO2 concentrating mechanism have postulated two possible roles and intracellular locations for carbonic anhydrase, depending on the mechanistic assumptions which are made about the nature of the CO2 leak barrier. If the barrier to CO2 escape is associated with the cell membrane, then it is reasonable to assume that carbonic anhydrase will be located in the cytosol. In this case, Rubisco is assumed to be located either in the cytosol or the carboxysome, and would be freely accessible to CO2. An alternative and more novel model proposes that the barrier to CO2 leakage from the region of elevated CO2 concentration may be the carboxysome protein coat (15) . In this case, the carboxysome coat is assumed to be relatively permeable to HCO3-and relatively impermeable to CO2. This protein coat would represent the primary barrier to CO2 efflux from the site of carboxylation. With carbonic anhydrase localized exclusively within the carboxysome, a theoretical model can be used to calculate that CO2 may be elevated within the confined internal space of the carboxysome (15) . This (12, 13) . Cyanobacteria carrying chloramphenicol resistance plasmids were grown in the presence of 10 ,g mL-' chloramphenicol in liquid.
Plate colonies were grown on 1% agar/BGl 1 buffered with 50 mM TES-KOH and containing 5 mm sodium thiosulphate (TTES plates) as previously described (13) .
Preparation of Cells for Assays
Aliquots of cells were taken from the growth medium and harvested by centrifugation (4000g for 5 min at 25°C) and resuspended in C02-free growth medium at pH 8 
IS0 Exchange Kinetics of Cells
These were performed as described in the accompanying paper (14) . Assays were done in a 2 mL volume at 30C with a NaH"3C"803 concentration of 1 (20) .
These were made as previously described ( 12) .
Carbonic Anhydrase Activity
Crude homogenates of cells were prepared as previously described (2) , except that the extraction buffer was 100 mM EPPS-NaOH (pH 8.0), 10 mM MgSO4, 1 mM EDTA, 0.5 mM PMSF, 10 ,uM leupeptin (Boehringer Manneheim), 10 mM DTT, and 10 ,ug* ml-'. DNAse. Extracts were prepared in 1.2 mL of extraction buffer at Chl concentration of 150 to 300 ,gg ml-'.
CA activity (as the CO2 hydration activity) was measured at 0°C by the electrometric method of Wilbur and Anderson (19) The degree of pelletability of HCAII activity in crude extracts was measured by centrifugation of crude extracts in an Eppendorfcentrifuge for 5 min at 10,0OOg(4°C). The pellet was resuspended in extraction buffer to the original volume. CA activity in the supernatant and pellet fractions was determined by the above method.
Protein Measurements
Protein was determined in crude extracts by using the Pierce protein assay kit (Pierce Chemical Co., Rockford, IL).
A Model of Photosynthesis and Ci Relationships
A steady state model of the relationships between C1 fluxes, pool sizes, and photosynthesis was constructed using the steady state equations developed by Reinhold et al. (15) . These equations were used to solve for the cytosolic and carboxysomal concentrations of HCO3-, CO2, and photosynthesis. The estimates of the physical properties of the cells were as follows: cytoplasmic volume = 1.9 x 10-12 cm3. cell-'; carboxysomal volume = 4.2 x 10-'4 cm3'cell-'; cell membrane area = 7.3 x 10-cm2 -cell-'; carboxysomal shell area = 12.7 x 10-9 cm2-cell-'; Vmax Rubisco = 2.6 x 10-12 Amol.cell'. s-I; Ko.5 (CO2) Rubisco = 150 ,iM (1); Vma C; transport = 3.9 and 5.2 x 10-12 gmol-cell-'-s-' for high and low Ci cells, respectively; Ko.5 (C1) transport = 0.25 mm and 0.02 mM for high and low Ci cells respectively. The surface area and volume of the carboxysomes were calculated assuming them to be spheres of 200 nm diameter and that there were 10 carboxysomes per cell. For the purposes of the calculations presented here, the conductances of the cell membrane and carboxysomal shell were assumed to be 10-2 and 10-5 cm s-' for CO2 and 10-6 and 10V cm * s-' for HCO3-across the two respective membranes. These conductances are those shown to be effective in the Anabaena model of Reinhold et al. (15) and also appear to appropriate for this Synechococcus model. The external pH was set at 8.0 while the internal pH of the cytosol and the carboxysome was assumed to be 7.6. Figure 2 shows the level of carbonic anhydrase activity in 1% C02-grown pCA cells both before and after induction of expression with 0.5 mM IPTG. The CA activity prior to the addition of IPTG was in the range of 150 to 400 units mg Chl-', which is well above the almost undetectable level of CA present in wild type R2 or pSK6B cells grown under the same conditions (2) . This indicates that even though the lacIQ Table I shows the effect of CA induction on the Ko.5 (Ci) and Vmax of photosynthesis for cells grown at both high Ci and low Ci conditions. These data were calculated from the responses shown in Figure 3 . For high Ci cells, the kinetic properties before induction appear to be very similar to those of pSK6B, a cell line carrying chloramphenicol resistance but lacking the HCAII gene. Induction of CA expression in these cells leads to a 7-fold increase in the Ko.5 (Ci) after 2.2 h, a 62-fold increase after 4.8 h, and 152-fold increase after 24 h. During this period there is only a slight reduction in the Vmax Table I . Changes in the Kinetic Parameters of Photosynthesis during Induction of CA Photosynthetic parameters and the accumulation of inorganic carbon were measured as described in "Materials and Methods." The cell suspensions prepared for use in the experiments described in Figure 3 were used for these measurements. Samples of cells were taken at various times after the addition of IPTG as indicated in the Figure  4 and the kinetic parameters are reported in (Fig. 4b) .
RESULTS

Expression of Carbonic Anhydrase
Effects of CA Expression on Ci Accumulation of the ability to accumulate Ci correlates well with the dramatic increase in Ko.5 (Ci). For low-Ci cells, the changes with induction are quite similar to those seen with high-Ci cells. Prior to the addition of IPTG, the internal Ci pool is again reduced compared to the pSK6B control. After 1.5 h of induction this pool is only slightly decreased and a significant decrease is only seen after 5 h. After 24 h induction, the ability to accumulate Ci is again completely abolished. Thus, the induction of CA under low Ci growth conditions causes a loss of the ability to accumulate Ci but these changes take longer to occur.
Effects of CA Expression on H13C180 Exchange Kinetics
The presence of endogenous CA activity associated with the intact cells has been previously monitored by the use of mass spectrometry to follow the exchange of 180 label out of labeled C, species into water (2, 3, 18) . This has shown that although neither intact high or low C, cells show externally assayable CA activity, the inorganic carbon which enters the cell undergoes rapid exchange reactions with water which allow the loss of any 180 label present in Ci species. This evidence has been used to infer that CA activity is associated with the cell and may be due to either particulate or soluble forms of CA (2) , and may also be a property of the C, transport mechanism (14) . Using this same technique, it is instructive to examine the effects that induced CA activity has on these exchange kinetics.
F
The exchange kinetics of high-Ci (1 %) and low-C1 (30 ppm) cells both before and after 24 h ofinduction for CA expression are shown in Figures 5 and 6 , respectively. The changes following the induction of CA expression are very similar for both growth conditions and are consistent with the synthesis of CA in the cytosol. The depletion of the enrichment (E) when cells are initially injected into the cuvette in the dark is minimal for both uninduced cells and the pSK6B controls. However, after 24 h of induction there is a large and rapid decline in enrichment when pCA cells are injected into the cuvette. This is consistent with the appearance of CA activity in the cytosol, a region which is relatively permeable to CO2 and relatively impermeable to HCO3-.
The changes which are apparent during the light on phase 1% C02-grown pCA cells, both before (0 h) and after induction of CA activity by IPTG (24 h). Cells were grown at 1% C02 in the presence of chloramphenicol as described in "Materials and Methods." Cells used in these experiments were the same as those prepared for the experiments shown in Figure 3 and ,ugChl * ml-'. Figure 3 and Table  1 . The experiments were performed as described for Figure 5 and the exchange kinetics of pSK6B cells grown under the same conditions is included as a control. (Figs. 1 and 2) . The level of protein expression reached values of around 0.3% of total cell protein and this protein appeared to be entirely soluble in nature and located within the cytosol of the cell.
The expression of the HCAII enzyme had a dramatic effect on the photosynthetic physiology of the cell, leading to the creation ofa high Ci requiring phenotype. Induction ofexpression of CA activity in both high C, and low Ci grown cells leads to: (a) a dramatic increase in the K0.5 (C1) for photosynthesis (Table I ; Fig. 3 ) with only a minor effect on the Vmax, (b) a loss of the ability to accumulate internal Ci (Table I; Figs. 5 and 6), and (c) a decrease in the lag between the initial Ci accumulation following illumination and the efflux of CO2 from the cells (Figs. 5 and 6 ). In addition, the effects of the expressed CA can largely be reversed by specific inhibition with ethoxyzolamide, indicating that the induction of HCAII is not having other non-specific effects on cell physiology.
As a result of the above findings, it is difficult to conclude otherwise than the CO2 concentrating mechanism is largely dependent on: (a) the absence of CA activity from the cytosol and (b) the specific localization of CA activity in the carboxysome. This is in direct conflict with earlier assumptions that the CA activity measured in cyanobacteria must be associated with the cytosol (3) and strongly favors a model of photosynthesis in which the carboxysome is of central importance, as has been proposed by Reinhold et al. (15) . A model of photosynthesis in Synechococcus and the role of the carboxysome is shown in Figure 7 .
The effect of the expression of CA in pCA cells can be compared to that predicted for the model of Reinhold et al. (15) . We have taken their model and modified it for the physical parameters which can be estimated for Synechococcus PCC7942. The effects of the synthesis of different levels of CA on the expected response of photosynthesis to external Ci is shown in Figure 8 . The model data looks qualitatively very similar to the results of the experiments shown in Figure  3 . An increase of the cytosolic conversion rate of HCO3-to CO2 of 1,000-fold or more appears to be necessary to achieve the experimentally observed changes in C, response. Cells induced for 24 h reached a CA level of around 5,000 units per mg Chl (Fig. 2) when activity was measured at 0°C. This translates to about 100,000 units per mL of cytosol volume and will be even greater at 30°C growth conditions. This activity is more than enough to speed up the interconversion one being the higher affinity of the transporter for external C1 and its higher Vmax, together with the increased amount of CA activity which is partitioned within the carboxysome (2).
The decrease in the Ko.5 (C;) of photosynthesis in both high and low Ci cells is due to an elimination of the ability to accumulate HCO3-in the cytosol. This can be seen in Figure  9 , Figure 7 .
To function as the site for CO2 concentration in the cyanobacterial cell, the carboxysome must be proposed to have certain special physical properties. One of these is obviously a localization of both Rubisco and CA activity within its structure. A second and perhaps more essential feature which is absolutely required is the presence ofa mechanism to reduce the leak rate of CO2 out of the carboxysome.
Two mechanisms have been proposed by Reinhold et al. (15) to achieve a reduction in the leak rate for CO2. First, the protein monolayer shell which surrounds the carboxysome may have special diffusive properties which impede the movement of nonpolar gaseous molecules such as CO2 and 02, while permitting a more rapid entry of ionic substrates such as RuP2 and HCO3-than would be allowed by a lipid bilayer membrane. The properties of such membranes to the movement of ionic species is not known but in general, the properties of a hydrophilic protein coat should be much more polar in nature and this should act to essentially 'salt out' nonpolar gases from the water contained in the membrane, while permitting the diffusion of ionic species at a rate which would be significantly enhanced compared to a lipid bilayer. The second mechanism proposed to reduce the leak would be to localize the carbonic anhydrase to a position at the center of the carboxysome, thus surrounding it by a shell of Rubisco molecules (15) . In this case, the initial generation of CO2 would occur at the center of the carboxysome and the CO2 would be forced to diffuse outward through the Rubisco molecules. This could act to produce a gradient of CO2 concentration from the center to the outside. This would reduce the final CO2 gradient which would exist across the interface between the carboxysome and the cytosol and thus decrease the potential leak rate. Whether such a mechanism could act by itself to sufficiently reduce the leak or if it could only be seen as an adjunct to an external diffusion barrier is unknown.
Some direct physical evidence that the carboxysome may have the properties necessary to perform this central role in cyanobacterial photosynthesis is available. Rubisco activity has been shown to be intimately associated with carboxysomes and recently it has been found the CA activity in Synechococcus PCC7942 is largely associated with a particulate fraction which correlates with the carboxysome fraction of the cell (2) .
The characterisation of the diffusive properties of the carboxysome have been less rewarding and results have been conflicting. Coleman GD Price, unpublished data) or to our knowledge with Coccochloris, so some doubt must exist as to whether this is a general property of carboxysomes. Considering the above models, it would be expected that it should be possible to measure a diffusive barrier for CO2 to the site carboxylation in carboxysomes and that HCO3-would act as a preferential substrate. In addition, the inhibition of carbonic anhydrase by ethoxyzolamide should alter the response of carboxysomal Rubisco to external Ci. Unfortunately, specific experiments designed by us to test these properties have proved negative (MR Badger, GD Price, unpublished results) and it remains to be shown if isolated carboxysomes can be shown to have the properties which are consistent with their apparent role in the cell. However, it can always be argued that damage occurs to the protein coat during extraction and it is not possible to emulate the in vivo physiology.
The findings presented in this paper allow a number of clear statements to be made about various aspects of the operation of the CO2 concentrating mechanism in cyanobacteria and these are summarised in the model presented in Figure 7 . Several aspects of functioning which have been open to speculation can now be resolved with a much higher degree of certainty:
(a) The resistance to CO2 leakage from the cell must reside at the level of the carboxysome and not the cell membrane, as had previously been proposed (3).
(b) Inorganic carbon which is pumped into the cell must arrive in the form of HCO3-rather than CO2 for the carboxysome model to function. This supports the model of the Ci transport mechanism proposed recently by Price and Badger (13) for both high and low Ci cells in which the pump is proposed to have CA-like properties and is able to transport CO2 as the primary species from the external medium and convert it to HCO3-which is released inside the cell.
(c) Carbonic anhydrase is absent from the cytosol and is localised within the carboxysome.
(d) The Rubisco which is localised within the carboxysome is the only form of the enzyme which can be used by the cell for photosynthesis. Previous speculation that carboxysomal Rubisco may be a storage form of the enzyme (4) appears to be false. If the carboxysomal model of photosynthesis is correct, then a cytosolic form of the enzyme would be largely inactive due to the low CO2 present in the cytosol, except in environments where the external CO2 rose to levels which would act as a substrate for the cytosolic enzyme.
While the scenario which we have concluded in this paper is most compelling, we are concerned at the lack of complete physical evidence that the carboxysome possesses the properties necessary to achieve its apparent function. Further research in this area is necessary, and it will be important to discover the basis for the CO2 leak barrier associated with this polyhedral body.
It is interesting to speculate on whether the functional role of the carboxysome may be emulated in any other aquatic phototroph which is proposed to possess a CO2 concentrating mechanism. The elementary functional elements which would need to be present would presumably be the localization of Rubisco and CA activity in some membrane-bound structure. One particular body which could fulfill this role is the pyrenoid in green algae. This body has been shown to contain Rubisco protein and its role has not been clearly established (9) . No special attempt has been made to examine the activity of CA in this body but it is possible that CO2 elevation may occur here. Further work is necessary to explore this possibility.
